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(54) GaN related compound semiconductor device and process for producing the same 



(57) A layer comprising cobalt (Co) is formed on a 
p + layer by vapor deposition, and a layer comprising 
gold (Au) is formed thereon. The two layers are alloyed 
by a heat treatment to form a light-transmitting elec- 
trode. The light-transmitting electrode therefore has 
reduced contact resistance and improved light transmis- 
sion properties, and gives a light-emitting pattern which 
is stable over a long time. Furthermore, since cobalt 
(Co) is an element having a large work function, satis- 
factory ohmic properties are obtained. 
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Description 

BACKGROUND OF THE INVENTION 

1 . Field of the Invention 

The present invention relates to a device having a 
light-transmitting electrode and a pad electrode which 
are formed on a p-type GaN related compound semi- 
conductor layer. 

2. Description of the Related Art 

In conventional compound semiconductors, an 
ohmic contact is obtained by depositing metals on the 
semiconductor surface and heating the metals to con- 
vert the same to an alloy and to cause metal diffusion 
into the semiconductor, because an ohmic contact is not 
obtainable by the mere deposition of metals. 

Even when p-type GaN related compound semi- 
conductors are subjected to a treatment for reducing 
resistance, e.g., irradiation with electron beams, the 
thus-treated semiconductors still have higher resistivi- 
ties than n-type GaN related compound semiconduc- 
tors. Consequently, in such p-type GaN related 
compound semiconductors, the p-type layer has almost 
no current flow in lateral directions, and only the part 
thereof directly beneath the electrode emrtts light. 

Under these circumstances, a current-diffusing 
electrode having light transmission properties and 
ohmic properties has been proposed which is formed by 
depositing a nickel (Ni) layer and a gold (Au) layer, each 
having a thickness of several tens of angstroms, (A) and 
heating the metal layers (see Japanese Unexamined 
Patent Publication No. Hei. 6-314822). 

However, the electrode formed by depositing nickel 
(Ni) and gold (Au) each having a thickness of several 
tens of angstroms and heating the metals poses a prob- 
lem that the light-emitting pattern quality deteriorates 
with the lapse of time, resulting in an increased driving 
voltage. However, the electrode has satisfactory optical 
and electrical characteristics in the initial stage. 

The reason for the quality deterioration is believed 
to be as follows. Since the nickel (Ni) and gold (Au) 
deposited layers are extremely thin, part of the nickel 
(Ni) is replaced by gold (Au) during the heat treatment, 
and the nickel (Ni) exposed on the electrode surface oxi- 
dizes to form NiO. When current is caused to flow 
through the electrode in this state, the NiO reacts with 
an OH' group of water present in the surrounding 
atmosphere to form a substance comprising NiOOH, as 
shown by the following scheme (1). Since NiOOH has 
poor wettability by gold (Au) and by the GaN related 
compound semiconductor, the NiOOH aggregates. As a 
result, light-emitting pattern quality deteriorates with the 
lapse of time and the contact resistance of the electrode 
increases. Thus, conventional art devices employing 
the proposed electrode are believed to deteriorate in 
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optical and electrical characteristics. 

NiO + OH' NiOOH + e" 



0) 



5 Further, since this current-diffusing electrode is 
thin, a pad electrode made of Ni/Au or Au is formed ther- 
eon for bonding. 

However, the conventional art device described 
above has insufficient adhesion between the pad elec- 

w trode and the current-diffusing electrode. Hence, if the 
surface of the current-diffusing electrode on which a 
pad electrode is to be formed has been soiled, there is 
a problem that the finally obtained device has problems 
such as the peeling of the pad electrode and a poor 

15 light-emitting pattern. In addition, even if the pad elec- 
trode has satisfactory adhesion to the current-diffusing 
electrode, the light emission occurring in the shade of 
the bonding pad cannot be directly observed, unavoida- 
bly resulting in a light emission loss. 

20 Further, there is still another problem as follows. 

In conventional GaN related compound semicon- 
ductors, low-resistivity p-type conduction is not obtaina- 
ble by mere doping with a p-type impurity. It has hence 
been proposed to impart p-type low resistance to a GaN 

25 related compound semiconductor doped with a p-type 
impurity by irradiating the doped semiconductor with 
electron beams (see Japanese Unexamined Patent 
Publication No. Hei. 2-257679) or by subjecting the 
doped semiconductor to thermal annealing (see Japa- 

30 nese Unexamined Patent Publication No. Hei. 5- 
1 831 89). it has also been proposed to conduct the ther- 
mal annealing for imparting p-type low resistance simul- 
taneously with alloying for forming an electrode (see 
Japanese Unexamined Patent Publication No. Hei. 8- 

35 51235). 

However, in the method using thermal annealing 
described in Japanese Unexamined Patent Publication 
No. Hei. 5-183189, the heat treatment should be con- 
ducted at a temperature not lower than 700°C in order 

40 to obtain a saturated low resistivity. Although this kind of 
semiconductor has conventionally employed aluminum 
as the main electrode material, use of a temperature not 
lower than 700°C for electrode alloying produces prob- 
lems, such as the formation of aluminum balls resulting 

45 from aluminum melting, an impaired surface state, 
increased contact resistance of the electrode, and wire 
bonding failure. 

Consequently, the heat treatment for electrode 
alloying should be conducted at a relatively low temper- 

so ature of from 500 to 600°C. It is, however, noted that the 
heat treatment for imparting p-type low resistance does 
not result in a sufficiently low resistivity when conducted 
at a temperature in the range of from 500 to 600°C. It 
has hence been necessary to conduct the heat treat- 

55 ment for imparting p-type low resistance and the heat 
treatment for electrode alloying as separate steps, 
respectively. 

On the other hand, Japanese Patent Publication 
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No. Hei. 8-51 235 proposes to conduct the importation of 
p-type low resistance simultaneously with electrode 
alloying by performing a heat treatment at a tempera- 
ture of from 400 to 800°C. However, this method has the 
following problems. The impartation of p-type low resist- 
ance is insufficient in the low-temperature range where 
electrode alloying is achieved satisfactorily. In the high- 
temperature region suitable for the sufficient impartation 
of p-type low resistance, electrode alloying cannot be 
conducted satisfactorily resulting in increased contact 
resistance and poor ohmic properties. 

SUMMARY OF THE INVENTION 

In view of the problems described above, an object 
of the present invention is to realize a GaN related com- 
pound semiconductor light-emitting device which has 
light transmission properties and ohmic properties and 
retains a stable light-emitting pattern and a constant 
driving voltage over a long period of time, and to realize 
processes for producing the device. 

Another object of the present invention is to impart 
p-type low resistance to a GaN related compound sem- 
iconductor through a heat treatment so that a saturated 
low resistivity value can be realized using a lower tem- 
perature for the treatment. 

Still another object of the present invention is to 
realize the impartation of p-type low resistance at a 
lower temperature to thereby sufficiently impart p-type 
low resistance and obtain an electrode having low con- 
tact resistance and satisfactory ohmic properties, even 
when the heat treatment for imparting p-type low resist- 
ance and that for electrode alloying are conducted as 
the same step. 

Still another object of the present invention is to 
improve the adhesion between a pad electrode and a 
current-diffusing electrode to thereby prevent the pad 
electrode from peeling off and, at the same time, to form 
a high-resistivity region under the pad so that current 
flows in the current-diffusing electrode selectively 
through areas other than that under the pad to thereby 
diminish light emission under the pad and attain effec- 
tive utilization of light emission. 

The above-described problem is eliminated with the 
light-emitting device of the present invention according 
to a first aspect of the present invention. This light-emit- 
ting device has a p-type GaN related compound semi- 
conductor layer having formed thereon an electrode 
which transmits light to the semiconductor layer and 
which is a metal layer comprising a cobalt (Co) alloy, 
palladium (Pd), or a palladium (Pd) alloy. Since the ele- 
ments constituting the electrode are unsusceptible to 
oxidation, not only is the electrode prevented from suf- 
fering the light-emitting pattern change with time 
caused by electrode oxidation to thereby give a stable 
light-emitting pattern over a long period of time, but also 
the electrode can have reduced contact resistance to 
thereby enable a constant driving voltage over a long 



period of time. In addition, since cobalt (Co) and palla- 
dium (Pd) each is an element having a large work func- 
tion, satisfactory ohmic properties are obtained. 

The metal layer comprising a cobalt (Co) alloy may 

5 be formed from one member selected from the group 
consisting of a two-layer structure comprising a first 
metal layer made of cobalt (Co) and a second metal 
layer made of gold (Au) formed on the first metal layer, a 
two-layer structure comprising a first metal layer made 

10 of gold (Au) and a second metal layer made of cobalt 
(Co) formed on the first metal layer, and an alloy layer 
made of cobalt (Co) and gold (Au), by alloying the one 
member through a heat treatment. This metal layer is 
free from the problem in electrodes made of cobalt (Co) 

15 alone that the light-emitting pattern changes with the 
lapse of time because of the susceptibility of cobalt (Co) 
to oxidation. Specifically, the electrode formed by heat- 
ing a two-layer structure comprising a layer made of 
cobalt (Co) and a layer made of gold (Au) or by heating 

20 a layer of an alloy of cobalt (Co) with gold (Au) is pre- 
vented from undergoing cobalt (Co) oxidation, has 
reduced contact resistance, enables a stable light-emit- 
ting pattern over a long period of time, and has excellent 
light transmission properties. 

25 An electrode which has reduced contact resistance, 
enables a stable light-emitting pattern over a long 
period of time, and has excellent light transmission 
properties is also obtained from a three-layer structure 
comprising a first metal layer made of cobalt (Co), a 

30 second metal layer made of a group II element formed 
on the first metal layer, and a third metal layer made of 
gold (Au) formed on the second metal layer, by alloying 
the three-layer structure through a heat treatment, or 
obtained from a two-layer structure comprising a first 

35 metal layer made of cobalt (Co) and a second metal 
layer made of an alloy of palladium (Pd) with platinum 
(Pt) formed on the first metal layer, by alloying the two- 
layer structure through a heat treatment. Effective 
examples of the group II element include beryllium (Be), 

40 magnesium (Mg), calcium (Ca), strontium (Sr), barium 
(Ba), zinc (Zn), and cadmium (Cd). 

The metal layer comprising a palladium (Pd) alloy 
may be formed from either a two-layer structure com- 
prising a first metal layer made of palladium (Pd) and a 

45 second metal layer made of gold (Au) formed on the first 
metal layer, or a two-layer structure comprising a first 
metal layer madeiof gold (Au) and a second metal layer 
made of palladium (Pd) formed on the first metal layer, 
by alloying the two-layer structure through a heat treat- 

so mem Thus, an electrode is obtained which has reduced 
contact resistance, enables a stable light-emitting pat- 
tern over a long period of time, and has excellent light 
transmission properties. 

An electrode which has reduced contact resistance, 

55 enables a stable light-emitting pattern over a long 
period of time, and has excellent light transmission 
properties is obtained also from a layer made of an alloy 
of palladium (Pd) with platinum (Pt) by alloying the layer 
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through a heat treatment. 

A metal layer may be formed on a p-type GaN 
related compound semiconductor layer through a heat 
treatment conducted at a temperature from 400 to 
700°C. The metal layer formed can be a satisfactorily 
alloyed layer. Thus, an electrode having stable light- 
emitting properties and stable electrical characteristics 
can be obtained. 

A metal layer having reduced contact resistance 
can be formed through a heat treatment conducted 
under low-vacuum conditions. The term low-vacuum 
conditions" used herein means a pressure of 10 Torr or 
lower. 

A metal layer having reduced contact resistance 
can be formed through a heat treatment without reduc- 
ing light-emitting pattern quality, by conducting the heat 
treatment in an atmosphere comprising at least oxygen 
(0 2 ) or a gas containing oxygen (0), or by conducting 
the heat treatment in an inert gas atmosphere. The term 
"atmosphere comprising oxygen (0 2 )" as ussd herein 
include 100% oxygen (0 2 ). The term "gas containing 
oxygen (0) H means CO. C0 2 , ete- Effective examples of 
the inert gas contemplated by the present invention 
include nitrogen (N 2 ), helium (He), neon (Ne), argon 
(Ar), and krypton (Kr). 

Further, the above<iescribed problem is eliminated 
with the process for producing a p-type GaN related 
compound semiconductor of the present invention 
according to a second aspect of the present invention. 
This process for producing a p-type GaN related com- 
pound semiconductor comprises subjecting a GaN 
related compound semiconductor doped with a p-type 
impurity to a heat treatment in a gas comprising at least 
oxygen. 

Further, the above-described problem is eliminated 
by the process for producing a p-type GaN related com- 
pound semiconductor having a p-type GaN related 
compound semiconductor layer and an electrode 
according to a third aspect of the present invention. This 
process for producing a GaN related compound semi- 
conductor device having a p-type GaN related com- 
pound semiconductor layer and an electrode 
comprises: forming a layer of a GaN related compound 
semiconductor doped with a p-type impurity; forming an 
electrode on the GaN related compound semiconductor 
layer; and subjecting the GaN related compound semi- 
conductor layer having the electrode formed thereon to 
a heat treatment in a gas comprising at least oxygen. 

Furthermore, the above-described problem is elim- 
inated by the process for producing GaN related com- 
pound semiconductor having a p-type GaN related 
compound semiconductor layer, an n-type GaN related 
compound semiconductor layer, and two electrodes 
respectively for these layers according to a fourth 
aspect of the present invention. This process for pro- 
ducing a GaN related compound semiconductor device 
having a p-type GaN related compound semiconductor 
layer, an n-type GaN related compound semiconductor 



layer, and two electrodes respectively for these layers 
comprises: 

forming a first electrode on the GaN related com- 
5 pound semiconductor layer doped with a p-type 
impurity, and forming a second electrode on the n- 
type GaN related compound semiconductor; and 
subjecting the resultant structure to a heat treat- 
ment in a gas comprising at least oxygen. 

10 

The term "GaN related compound semiconductor" 
means a compound which is based on GaN and con- 
tains one or more group III elements, e.g.. In and Al, by 
which part of the gallium has been replaced. An exam- 

15 pie of the GaN related compound semiconductor is a 
four-element compound represented by the general for- 
mula (AlxGa^Jyln^yN (0£X£1. OSysrl). 

The gas comprising oxygen used in each of the 
processes according to the present invention may be at 

20 least one member selected from 0 2 . 0 3 , CO. C0 2 , NO, 
N 2 O t N0 2 . and H 2 0 or a mixed gas comprising two or 
more of these members. The gas comprising oxygen 
may also be a mixed gas comprising at least one of 0 2 . 
0 3 , CO, C0 2 . NO, N 2 0, N0 2 , and H 2 0 and one or more 

25 inert gases, or be a mixed gas comprising a mixture of 
two or more of 0 2 , 0 3 , CO, C0 2 , NO, N 2 0, N0 2 . and 
H 2 0 and one or more inert gases. In short, the gas com- 
prising oxygen means a gas containing oxygen atoms 
or a gas of molecules containing oxygen atoms. 

30 The pressure of the atmosphere in which the heat 
treatment is conducted is not particularly limited as long 
as the GaN related compound semiconductor is not 
pyrolyzed at the temperature used for the heat treat- 
ment. In the case where 0 2 gas alone is used as the 

35 gas comprising oxygen, the gas may be introduced at a 
pressure higher than the decomposition pressure for 
the GaN related compound semiconductor. In the case 
where a mixture of 0 2 with an inert gas is used, the 
pressure of the whole mixed gas is regulated to a value 

40 higher than the decomposition pressure for the GaN 
related compound semiconductor. In this case, an 0 2 
gas proportion not smaller than about 1 0" 6 based on the 
whole mixed gas is sufficient. In short, an extremely 
small amount of oxygen suffices to the gas comprising 

45 oxygen for the reason which will be given later. There is 
no particular upper limit on the amount of the gas com- 
prising oxygen introduced from the standpoints of the 
impartation of p-type low resistance and electrode alloy- 
ing. Any high pressure is usable as long as production 

so is possible. 

The most preferred range of the temperature for the 
heat treatment is from 500 to 600°C. As will be 
described later, a p-type GaN related compound semi- 
conductor having a completely saturated resistivity can 

55 be obtained at temperatures not lower than 500°C At 
temperatures not higher than 600°C, the alloying treat- 
ment of an electrode can be conducted satisfactorily. 
Preferred temperature ranges are from 450 to 
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650°C, from 400 to 600°C. and from 400 to 700°C. The 
lower the temperature, the higher the p-type resistivity. 
The higher the temperature, the poorer the electrode 
properties and the higher the possibility for thermal 
deterioration of crystals. 

The first electrode desirably comprises a metal 
layer which comprises a cobalt (Co) alloy, palladium 
(Pd), or a palladium (Pd) alloy and has light transmis- 
sion properties and ohmic properties. This metal layer 
comprising a cobalt (Co) alloy is a layer formed from a 
two-layer structure comprising a first metal layer made 
of cobalt (Co) and a second metal layer made of gold 
(Au) formed on the first metal layer, from a two-layer 
structure comprising a first metal layer made of gold 
(Au) and a second metal layer made of cobalt (Co) 
formed on the first metal layer, or from a layer of an alloy 
of cobalt (Co) with gold (Au). by alloying the same 
through a heat treatment. Alternatively, the metal layer 
comprising a cobalt (Co) alloy is a layer formed from a 
three-layer structure comprising a first metal layer made 
of cobalt (Co), a second metal layer made of a group II 
element formed on the first metal layer, and a third metal 
layer made of gold (Au) formed on the second metal 
layer, by alloying the three-layer structure through a 
heat treatment The metal layer comprising a palladium 
(Pd) alloy is a layer formed from a two-layer structure 
comprising a first metal layer made of palladium (Pd) 
and a second metal layer made of gold (Au) formed on 
the first metal layer or from a two-layer structure com- 
prising a first metal layer made of gold (Au) and a sec- 
ond metal layer made of palladium (Pd) formed on the 
first metal layer, by alloying the two-layer structure 
through a heat treatment. 

The first electrode can be a layer formed by alloy- 
ing, through a heat treatment, a two-layer structure 
comprising a first metal layer made of nickel (Ni) and a 
second metal layer made of gold (Au) formed thereon. 

The above-described materials of the first electrode 
have been selected so as to result in satisfactory prop- 
erties with respect to contact resistance with p-type 
GaN related compound semiconductors, light-emitting 
pattern, property change with time, junction strength, 
and ohmic properties. 

The second electrode desirably comprises alumi- 
num (Al) or an aluminum alloy. These electrode materi- 
als have been selected from the standpoints of contact 
resistance with n-type GaN related compound semicon- 
ductors and ohmic properties. 

In the process according to the second aspect of 
the present invention, a gas comprising oxygen is used 
as the surrounding gas for the heat treatment. As a 
result, it has become possible to use a lower tempera- 
ture for obtaining a GaN related compound semicon- 
ductor having p-type low resistance. As will be 
described later, use of temperatures not lower than 
500°C resulted in a saturated low value of resistivity. 
The resistivity began to decrease at around 400°C. At 
450°C, the resistivity was about a half of that at 400°C. 



In the processes according to the third and fourth 
aspects of the present invention, a saturated low resis- 
tivity suitable for practical use is obtained at lower tem- 
peratures as described above. Consequently, the heat 

5 treatment far imparting p-type low resistance and the 
heat treatment for electrode alloying can be carried out 
as the same step. As a result, processes for device pro- 
duction can be simplified. In addition, since the heat 
treatment can be conducted at a low temperature, ther- 

ro mat deterioration of devices can be alleviated. 

With respect to the fact that the heat treatment in a 
gas comprising oxygen is effective in imparting low 
resistance at lower temperatures, the following explana- 
tion is given by the present inventors. A GaN related 

is compound semiconductor cannot be made to have p- 
type low resistance by merely doping the same with a p- 
type impurity, e.g., magnesium. This is because the 
atoms of the p-type impurity are bonded to hydrogen 
atoms and, hence, do not function as an acceptor. It is 

20 therefore thought that upon the removal of the hydrogen 
atoms bonded to the atoms of the p-type impurity, the 
impurity comes to function as an acceptor. When a heat 
treatment is conducted in a gas comprising oxygen, the 
separation of the impurity atoms from the hydrogen 

25 atoms is thought to be catalyzed by the oxygen. As a 
result, semiconductor devices having a reduced resis- 
tivity are obtainable at lower temperatures. 

Still further, the above-described problem is elimi- 
nated with the GaN related compound semiconductor 

30 device having a p-type GaN related compound semi- 
conductor according to a fifth aspect of the present 
invention. This GaN related compound semiconductor 
device having a p-type GaN related compound semi- 
conductor comprises: a current-diffusing electrode hav- 

35 ing light transmission properties which has been formed 
on the p-type GaN related compound semiconductor 
and a pad electrode for bonding which has been formed 
on the current-diffusing electrode and contains at least 
one metal reactive with nitrogen. The device further 

40 includes a high-resistivity region on the p-type GaN 
related compound semiconductor in its part located 
under the pad electrode, the high-resistivity region hav- 
ing been formed through an alloying treatment by the 
reaction of the metal with the p-type GaN related com- 

45 pound semiconductor. 

According to this device, a current-diffusing elec- 
trode having light transmission properties is formed on a 
p-type GaN related compound semiconductor, and a 
pad electrode containing at least one metal reactive 

so with nitrogen is formed thereon. 

In an alloying treatment, the metal reactive with 
nitrogen which is contained in the pad electrode reacts 
with the p-type GaN related compound semiconductor. 
As a result, the adhesion between the pad electrode 

55 and the current-diffusing electrode as well as between 
the pad electrode and p-type GaN surface is improved 
and the pad electrode can be prevented from peeling 
off. The reaction between the metal reactive with nitro- 
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gen contained in the pad electrode and the GaN related 
compound semiconductor further produces an effect 
that since the reaction generates nitrogen holes within 
part of the GaN related compound semiconductor, the 
donor attributable to these holes in that part compen- 
sates for an acceptor to thereby form a high-resistivity 
region in that part of the semiconductor. Consequently, 
current flows from the pad electrode not downward but 
in lateral directions along the current-diffusing elec- 
trode. Since the region of a pad electrode originally has 
a large thickness and no light transmission properties, it 
is virtually impossible to take light out of the device 
through the pad electrode or to cause external light to 
strike on the semiconductor through the pad electrode. 
According to the present invention, only the part where 
light is effectively utilizable can have an improved cur- 
rent density and, as a result, the effective efficiency of 
electricity-to-light conversion or light-to-electricity con- 
version is improved. 

BRIEF DESCRIPTION OF THE DRAWINGS 

In the accompanying drawings: 

Fig. 1 is a sectional view illustrating the structure of 
a light-emitting device according to a first embodi- 
ment of the present invention; 
Fig. 2 is a sectional view diagrammatically illustrat- 
ing the structure of an electrode formed on the sur- 
face of a p + layer; 

Fig. 3 is a presentation showing properties of the 
alloyed light-transmitting electrodes of light-emitting 
devices according to the first embodiment of the 
present invention; 

Fig. 4 is a presentation showing properties of the 
alloyed light-transmitting electrodes of light-emitting 
devices according to a second embodiment of the 
present invention; 

Fig. 5 is a sectional view illustrating the structure of 
samples used in the method for imparting p-type 
low resistance according a third embodiment of the 
present invention; 

Fig. 6 is a graphic presentation showing changes in 
resistivity with changing heat treatment tempera- 
ture in samples obtained by the method for impart- 
ing p-type low resistance according to the third 
embodiment of the present invention; 
Fig. 7 is a graphic presentation showing a change 
in resistivity with changing oxygen gas pressure for 
heat treatment in samples obtained by the method 
for imparting p-type low resistance according to the 
third embodiment of the present invention; 
Fig. 8 is a graphic presentation showing a compari- 
son between a change in resistivity with changing 
partial oxygen gas pressure in samples obtained by 
the method for imparting p-type low resistance 
according to the third embodiment of the present 
invention and a change in resistivity in samples 



obtained through heat treatment in pure oxygen 
gas atmospheres; 

Fig. 9 is a sectional view illustrating the structure of 
a light emitting device produced by a process 
5 according to the third embodiment of the present 
invention; 

Fig. 10 is a diagrammatic view illustrating the con- 
stitution of a GaN related compound semiconductor 
device according to a fourth embodiment of the 
10 present invention; and 

Fig. 1 1 is a diagrammatic view illustrating the flow of 
current around electrodes in the GaN related com- 
pound semiconductor device according to the 
fourth embodiment of the present invention. 

15 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

The present invention will be explained below by 
20 reference to embodiments thereof. However, the inven- 
tion should not be construed as being limited to the fol- 
lowing embodiments. 

1st Embodiment 

25 

Fig. 1 is a sectional view diagrammatically illustrat- 
ing the structure of a light-emitting device 100 having a 
GaN related compound semiconductor formed over a 
sapphire substrate 1. This light-emitting device com- 

30 prises a buffer layer 2 comprising AIN formed on the 
sapphire substrate 1 and a silicon (Si)<Joped n-type 
CaN layer 3 (n + layer) formed on the buffer layer 2. The 
light-emitting device further comprises a silicon (Si)- 
doped n-type AI0.1Gao.9N layer 4 (n layer) having a 

35 thickness of 0.5 \im formed on the n + layer 3, an 
ln 0 2 Gao.8 N Layer 5 (active layer) having a thickness of 
0.4 \im formed on the n layer 4. and a magnesium (Mg)- 
doped p-type Al 0 jGao 9 N layer 6 (p layer) formed on the 
active layer 5. A p-type GaN layer 7 (p + layer) heavily 

40 doped with magnesium (Mg) has been formed on the p 
layer 6. A light-transmitting electrode 8A has been 
formed on the p + layer 7 by metal vapor deposition, 
while an electrode 8B has been formed on the n + layer 
3. The light-transmitting electrode 8A is constituted of 

45 cobalt (Co) bonding to the p + layer 7 and of a metallic 
element, e.g., gold (Au), bonding to the cobalt (Co) (the 
metallic element will be described later). The electrode 
8B is constituted of aluminum (Al) or an aluminum alloy. 
A process for producing the light-transmitting elec- 

50 trode 8A of this light-emitting device 100 is explained 
next. 

The layers ranging from the buffer layer 2 to the p + 
layer 7 are formed by metal-organic vapor-phase epi- 
taxy (MOVPE). The gases which can be used are 
55 ammonia (NH 3 ), carrier gases (H2. N2), trimethylgallium 
(Ga(CH 3 )3) (hereinafter referred to as "TMG"), trimethy- 
laluminum (AI(CH 3 ) 3 )(hereinafter referred to as "TMA"), 
silane (SiH 4 ), cyclopentadienyimagnesium (MgfCsHs)^ 
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(hereinafter referred to as "CP 2 Mg ,, ) ( and trimethylin- 
dium (ln(CH3)3) (hereinafter referred to as "TNII"). And a 
mask layer (Si0 2 or the like) is formed on the p + layer 7, 
and the predetermined area of the mask layer is 
removed. Those parts of the p + layer 7, p layer 6. active 
layer 5, and n layer 4 which are uncovered by the result- 
ant mask are removed by reactive ion etching with a gas 
containing chlorine to expose a surface of the n + layer. 
The mask is then removed. Subsequently, the light- 
transmitting electrode 8A is formed by conducting the 
following procedure. 

A photoresist 9 is evenly applied to the surface. 
That part of the photoresist 9 which corresponds to the 
area where the electrode is to be formed on the p + layer 
7 is removed by photolithography to form a window part 
9A as shown in Fig. 2. 

Using a vapor deposition apparatus, cobalt (Co) is 
deposited in a thickness of 40 A on the exposed p + layer 
7 under a high vacuum on the order of 10~ 6 Torr or less 
to form a first metal layer 81 as shown in Fig. 2. 

Gold (Au) is then deposited on the first metal layer 
81 in a thickness of 60 A to form a second metal layer 82 
as shown in Fig. 2. 

Subsequently, the sample is taken out of the vapor 
deposition apparatus. The cobalt and gold deposited on 
the photoresist 9 are removed by the lift-off method to 
form an electrode 8A which transmits light to the p + 
layer 7. 

In the case where a bonding electrode pad 20 is to 
be formed on part of the light-transmitting electrode 8A, 
a photoresist is applied evenly, and that part of the pho- 
toresist which corresponds to the pad formation part is 
removed to form a window. Subsequently, a film of an 
alloy of cobalt (Co) or nickel (Ni) with gold (Au), alumi- 
num ( Al) or both is formed by vapor deposition in a thick- 
ness of about 1 .5 iim. The film alloy of cobalt or nickel 
with gold, aluminum, or both which has been vapor- 
deposited on the photoresist is removed by the lift-off 
method as mentioned above to thereby form an elec- 
trode pad 20. 

Thereafter, the atmosphere surrounding the sample 
is evacuated with a vacuum pump, and a mixed gas of 
N 2 and 0 2 (1%) is introduced into the deposition appa- 
ratus to adjust the internal pressure to atmospheric 
pressure. The temperature of this atmosphere sur- 
rounding the sample is elevated to about 550°C to heat 
the sample for about 3 minutes. Thus, the first metal 
layer 81 and the second metal layer 82 are alloyed. 

This heat treatment can be conducted under the fol- 
lowing conditions. A surrounding gas containing one or 
more of N 2 . He, 0 2 , Ne, Ar, and Kr is utilizable. Any 
pressure ranging from vacuum to pressures higher than 
atmospheric pressure can be used. The partial pres- 
sure of N 2 , He, 0 2 , Ne, Ar, or Kr in the surrounding gas 
is from 0.01 to 1 atm. The heating may be conducted 
with the surrounding gas enclosed in the apparatus or 
while circulating the same through the apparatus. 

As a result of the heat treatment after the deposition 



of cobalt (Co) and gold (Au). part of the gold (Au) consti- 
tuting the second metal layer 82 formed on the first 
metal layer 81 made of cobalt (Co) is diffused through 
the first metal layer 81 on the p + layer 7 to thereby form 

5 a good contact with GaN contained in the p + layer 7. 

When a current of 20 mA was caused to flow 
through the thus-formed light-transmitting electrode 8A, 
a driving voltage of 3.6 V was obtained. It was thus 
ascertained that the contact resistance was sufficiently 

w low. The surface of the p + layer 7 was evenly covered 
with the thus-formed light-transmitting electrode 8A, 
which had a satisfactory surface state. 

Since the light-transmitting electrode 8A is formed 
from a two-layer structure comprising the first metal 

is layer 81 made of cobalt (Co) and the second metal layer 
82 formed thereon, the cobalt (Co) is inhibited from oxi- 
dizing. As a result, the change of light-emitting pattern, 
decrease of light transmission properties, and increase 
of contact resistance all caused by cobalt (Co) oxidation 

20 can be prevented. In addition, since the light-transmit- 
ting electrode 8A is made of an alloy containing cobalt 
(Co), which has a large work function, satisfactory 
ohmic properties are obtained. This electrode 8A was 
tested by exposing the same to a high-temperature and 

25 high-humidity atmosphere for a prolonged period of 
time. As a result, the electrode was capable of stably 
maintaining the initial light-emitting pattern and driving 
voltage even after 1,000-hour exposure. 

Besides the conditions used above for alloying the 

30 first metal layer 81 made of cobalt (Co) and the second 
metal layer 82 made of gold (Au), the following two sets 
of conditions were also used for this embodiment. One 
set of conditions was that the atmosphere surrounding 
the sample was evacuated with a vacuum pump to form 

35 a low-vacuum state and the temperature of this atmos- 
phere surrounding the sample was elevated to about 
550°C to heat the sample for about 3 minutes to thereby 
alloy the first and second metal layers 81 and 82. The 
other set of conditions was that the atmosphere sur- 

40 rounding the sample was evacuated to vacuum, subse- 
quently N 2 was introduced at a rate of 3 liter/min to 
adjust the internal pressure to atmospheric pressure, 
and then the temperature of this atmosphere surround- 
ing the sample was elevated to about 550°C to heat the 

45 sample for about 3 minutes to thereby alloy the first and 
second metal layers 81 and 82. The driving voltage of 
each device obtained was measured. The results 
obtained are shown in Fig. 3 under Case No. 1 . 

The three sets of atmospheric conditions described 

so above were used for the alloying of: an electrode precur- 
sor comprising a first metal layer 81 made of gold (Au) 
and a second metal layer 82 made of cobalt (Co) (Case 
No. 2); an electrode precursor having only of a first 
metal layer 81 comprising an alloy of cobalt (Co) with 

55 gold (Au) (Case No. 3); a three-layer precursor for light- 
transmitting electrode which was constituted by a first 
metal layer 81 made of cobalt (Co), a second metal 
layer 82 made of magnesium (Mg), and a third metal 



7 



13 



EP0845 818A2 



14 



layer made of gold (Au) formed on the second metal 
layer (Case No. 4); and an electrode precursor compris- 
ing of a first metal layer 81 made of cobalt (Co) and a 
second metal layer 82 made of an alloy of palladium 
(Pd) with platinum (Pt) (Case No. 5). The driving voltage 5 
of each device obtained was measured. The results 
obtained are shown in Fig. 3. 

The evaluation results given in Fig. 3 are based on 
the driving voltage measured when a current of 20 mA 
was caused to flow through the light-transmitting elec- 
trode 8A. In Fig. 3. O indicates that the driving voltage 
was lower than 4 V, and X indicates that the driving volt- 
age was not lower than 5 V. In Fig. 3, the numeral in the 
parentheses for each metal layer indicates film thick- 
ness (A). 

All the device samples described above were sub- 
jected to a 1 ,000-hour continuous driving test in a high- 
temperature high-humidity atmosphere. The device 
samples indicated by O each had the same driving 
voltage and light-emitting pattern as the initial ones 
even after the 1,000-hour driving test, and retained opti- 
cally and electrically stable properties over a long period 
of time. 

In Case No. 1 shown in Fig. 3, a device having a 
driving voltage not lower than 5 V was measured at a 
current of 20 mA. Hence, increased contact resistance 
was obtained when alloying was conducted in N 2 
(alone) in the absence of 0 2 . Through alloying under 
low-vacuum conditions, a device having a driving volt- 
age lower than 4 V, and hence reduced contact resist- 
ance, was obtained. In the case where a light- 
transmitting electrode 8A is formed from a two-layer 
structure comprising a first metal layer 81 made of 
cobalt (Co) and a second metal layer 82 made of gold 
(Au) as in Case No. 1, a light-emitting pattern which is 
stable over a long period of time and a low driving volt- 
age is obtained by alloying the two-layer structure either 
in the atmosphere containing 0 2 or under the low-vac- 
uum conditions. 

As in Case No. 2 shown in Fig. 3. a first metal layer 
81 made of gold (Au) having a thickness of 40 A may be 
formed before a second metal layer 82 made of cobalt 
(Co) is formed thereon with a thickness of 60 A. A light- 
emitting pattern which is stable over a long period of 
time and a low driving voltage are obtained in Case No. 
2 by conducting alloying either in the atmosphere con- 
taining 0 2 or under the low-vacuum conditions, as in 
Case No. 1. 

As in Case No. 3 shown in Fig. 3, a first metal layer 
81 may be formed by simultaneously vapor-depositing 
gold (Au) and cobalt (Co) with a thickness of 100 A. A 
light-emitting pattern which is stable over a long period 
of time and a low driving voltage are obtained in Case 
No. 3 by conducting alloying either in the atmosphere 
containing O2 or under the low-vacuum conditions, as in 
Cases Nos. 1 and 2. 

As in Case No. 4 shown in Fig. 3. a light-transmit- 
ting electrode 8A having a three-layer structure may be 



formed by forming an electrode precursor comprising a 
first metal layer 81 made of cobalt (Co) having a thick- 
ness of 20 A, a second metal layer 82 formed thereon 
which is made of magnesium (Mg) having a thickness of 
20 A, and a 60 A-thick layer of gold (Au) formed on the 
second metal layer 82. In Case No. 4, any of the atmos- 
phere containing 0 2 , the low-vacuum conditions, and 
the N 2 atmosphere can be used for obtaining a light- 
emitting pattern which is stable over a long period of 
time and a low driving voltage. 

As in Case No. 5 shown in Fig. 3, palladium (Pd) 
and platinum (Pt) may be simultaneously vapor^feposj- 
ited as a second metal layer 82 with a thickness of 80 A 
on a first metal layer 81 made of cobalt (Co) having a 
thickness of 40 A. A light-emitting pattern which is sta- 
ble over a long period of time and a low driving voltage 
can be obtained in Case No. 5 by conducting alloying 
either under the low-vacuum conditions or in the N 2 
atmosphere. 

As described above, the light-transmitting electrode 
8A may be formed from a two-layer structure comprising 
a first metal layer 81 made of cobalt (Co) and a second 
metal layer 82 formed thereon, or from a two-layer struc- 
ture comprising a first metal layer 81 made of gold (Au) 
and a second metal layer 82 made of cobalt (Co) formed 
thereon, or from a single-layer structure comprising a 
first metal layer 81 made of a gold (Au)-cobalt (Co) alloy. 

Although magnesium (Mg) was used as the mate- 
rial of a constituent metal layer in Case No. 4 in the 
embodiment described above, other group It elements 
may be used, such as beryllium (Be), calcium (Ca), 
strontium (Sr), barium (Ba), zinc (Zn), and cadmium 
(Cd). 



In contrast to the first embodiment described 
above, in which cobalt (Co) was used as the first metal 
layer 81 or second metal layer 82, this embodiment is 
characterized by employing a light-transmitting elec- 
trode 8A which is made of palladium (Pd) alone or a pal- 
ladium (Pd) alloy, and contains no cobalt (Co). 

The semiconductor devices used have the same 
constitution as in the first embodiment, except the com- 
position of the light-transmitting electrode 8A. Fig. 4 
shows the relationship between the composition of each 
of the precursors for the light-transmitting electrode 8A 
and the driving voltage as measured when a current of 
20 mA was caused to flow through the light-transmitting 
electrode 8A after the precursor was alloyed under each 
of the same sets of conditions as those used for the first 
embodiment. The ratings used in Fig. 4 have the follow- 
ing meanings: O indicates that the driving voltage was 
lower than 4 V; a indicates that the driving voltage was 
4 V or higher but below 5 V; and X indicates that the 
driving voltage was not lower than 5 V. The device sam- 
ples indicated by O or A each had the same driving 
voltage and light-emitting pattern as the initial ones 
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even after 1 ,000-hour driving test, and retained optically 
stable properties over a long period of time. 

As in Case No. 1, a light-emitting pattern which is 
stable over a long period of time and a driving voltage as 
low as below 4 V were obtained by forming an electrode s 
precursor comprising a first metal layer 81 made of 40 
A-thick palladium (Pd) formed on the p + layer 7 and a 
second metal layer 82 made of 60 A-thick gold (Au) 
formed on the first metal layer 81, and then alloying the 
precursor under any of the three sets of conditions. 10 
Thus, the same effects as in the first embodiment could 
be obtained. In addition, since the light-transmitting 
electrode 8A was made of an alloy of palladium (Pd), 
which has a large work function, satisfactory ohmic 
properties were obtained as in the first embodiment. is 

As in Case No. 2, a light-emitting pattern which was 
stable over a long period of time and a low driving volt- 
age were obtained by forming an electrode precursor 
comprising a first metal layer 81 made of 40 A-thick gold 
(Au) formed on the p + layer 7 and a second metal layer 20 
82 made of 60 A-thick palladium (Pd) formed on the first 
metal layer 81 , and then alloying the precursor under 
any of the three sets of conditions. Thus, the same 
effects as in Case No. 1 were obtained. 

In Cases Nos. 1 and 2, two-layer structures were 25 
used for forming light-transmitting electrodes 8A. In con- 
trast thereto, a 100 A-thick single-layer structure was 
formed by simultaneously vapor-depositing palladium 
(Pd) and platinum (Pt) and was alloyed under low-vac- 
uum conditions to form a light-transmitting electrode 8A, 30 
as in Case No. 3, whereby a light-emitting pattern which 
was stable over a long period of time and a low driving 
voltage were obtained. 

Furthermore, as in Case No. 4, a light-transmitting 
electrode 8A was formed by forming a 100 A-thick sin- ss 
gle-layer structure made of palladium (Pd) and alloying 
the structure under low-vacuum conditions, whereby a 
light-emitting pattern which was stable over a long 
period of time and a low driving voltage were obtained. 
A driving voltage of from 4 to 5 V was obtained when the 40 
single-layer structure was alloyed in an N 2 atmosphere. 

As described above, by forming a light-transmitting 
electrode 8A made of an alloy of palladium (Pd) with 
gold (Au) or platinum (Pt) or made of palladium (Pd) 
alone, a light-emitting pattern which was stable over a 45 
long period of time and a low driving voltage were 
obtained and the same effects as in the first embodi- 
ment could be obtained. 

Although the temperature of the atmospheres used 
for alloying for producing the embodiments described so 
above was regulated to about 550°C, usable alloying 
temperatures are not limited thereto. The heat treatment 
is desirably conducted at a temperature in the range of 
from 400 to 700°C. This is because heat treatments 
conducted at temperatures lower than 400°C result in ss 
electrodes not showing ohmic properties, while heat 
treatments conducted at temperatures higher than 
700°C result in electrodes having increased contact 



resistance and an impaired surface morphology. 

The light-emitting devices 100 shown above as 
embodiments of the invention each had a structure con- 
taining an active layer 5 consisting of a single layer of 
ln 0 2 Gao 8 N. However, the light-emitting device of the 
invention may have a light-emitting layer which is made 
of a mixed crystal comprising four or three elements in 
any proportion, e.g., AllnGaN, or has a multi-quantum 
well structure consisting, e.g., of ln a2 Gao. 8 N/GaN or a 
single-quantum well structure. 

In producing the embodiments described above, an 
atmosphere containing 1% 0 2 was used as an oxygen- 
containing atmosphere. However, a 100% 0 2 atmos- 
phere or an atmosphere containing a gas such as CO or 
C0 2 may be used. 

The total thickness of the light-transmitting elec- 
trode 8A, including the first metal layer 81 and the sec- 
ond metal layer 82, is preferably not larger than 200 A 
from the standpoint of obtaining light transmission prop- 
erties. It is more preferably in the range of from 15 to 
200 A from the standpoints of adhesion and light trans- 
mission properties. 

As shown above, the present invention brings about 
the following effects. By forming a metal layer compris- 
ing a cobalt (Co) alloy palladium (Pd), or a palladium 
(Pd) alloy as a light-transmitting electrode on a surface 
of a semiconductor comprising a p-type GaN related 
compound, not only can the electrode be inhibited from 
oxidizing to thereby prevent the electrode from suffering 
a decrease in light transmission properties, but the elec- 
trode can also have reduced contact resistance to 
thereby enable a light-emitting pattern which is stable 
over a long period of time and a low driving voltage. 

3rd Embodiment 

The present invention will be explained below by 
reference to Figs. 5 to 9. 

Many samples having the structure shown in Fig. 5 
were prepared. Each sample was constituted by a sap- 
phire substrate 1 and, formed thereon in this order, an 
AIN buffer layer 2 having a thickness of 50 nm, an n- 
QaN layer 103 made of a silicon (Si)-doped GaN having 
a thickness of about 4.0 jim, an electron concentration 
of 2x10 18 /cm 3 . and a silicon concentration of 
4x10 18 /cm 3 , and a p-GaN layer 104 having a magne- 
sium (Mg) concentration of 5x10 19 /cm 3 . 

These samples were produced by MOVPE, like the 
aforementioned light-emitting devices 100. 

First, a single-crystal sapphire substrate 1 having, 
as the main surface, a surface which had been cleaned 
by organic washing and heat treatment was mounted on 
a susceptor placed in the reaction chamber of an 
MOVPE apparatus. The sapphire substrate 1 was 
baked at 1 , 100°C while passing H 2 through the reaction 
chamber at a rate of 2 Irter/min for about 30 minutes at 
ordinary pressure. 

After the temperature of the substrate 1 was low- 
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ered to 400*0, Hg. NH3, and TMA were fed for about 1 .5 
minutes at rates of 20 liter/min, 1 0 liter/min, and 1 .8x1 0' 
5 mol/min, respectively, to form an AIN buffer layer 2 in a 
thickness of about 50 nm. 

Subsequently, while keeping the temperature of the 
sapphire substrate 1 at 1,150°C, H 2 , NH3, TMG, and 
silane diluted with l-fe gas to 0.86 ppm were fed for 40 
minutes at rates of 20 liter/min, 10 liter/min, 1.7X10" 4 
mol/min, and 20x1 0' 8 mol/min, respectively, to form an 
n-GaN layer 1 03 having a thickness of about 4.0 jim, an 
electron concentration of 2x10 18 /cm 3 and a silicon con- 
centration of 4x10 18 /cm 3 . 

Thereafter, while keeping the temperature of the 
sapphire substrate 1 at 1,100°C, either N 2 or H 2f NH 3 , 
TMG, and CP 2 Mg were fed for 40 minutes at rates of 10 
liter/min, 10 liter/min, 1.7x10" 4 mol/min, and 2x10' 5 
mol/min, respectively, to form a p-GaN layer 104 having 
a thickness of about 4.0 \xm and a magnesium (Mg) 
concentration of 5x10 19 /cm 3 . 

Many samples thus prepared were subjected to a 
20-minute heat treatment at various temperatures in a 
1 -atm oxygen gas atmosphere (only of 0 2 ). Needle elec- 
trodes were set up on each of the thus-treated p-GaN 
layers 104 to measure the current which flowed upon 
application of a voltage of 8 V, and the relationship 
between this current value and the heat treatment tem- 
perature used was determined. On the other hand, for 
the purpose of comparison, semiconductor samples 
were subjected to the same heat treatment as the 
above, except that 1-atm nitrogen gas (only of N 2 ) was 
used as the atmosphere for the heat treatment as in 
conventional processes, and the relationship between 
current value and heat treatment temperature was 
determined in the same manner. The values of resistiv- 
ity were calculated, and the relationships between heat 
treatment temperature and resistivity are shown in Fig. 
6. 

The following features can be understood from Fig. 
6. 1) Both the heat treatment in oxygen atmosphere and 
the heat treatment in nitrogen atmosphere result in a 
decrease in resistivity [(resistivity before heat treat- 
ment)/(resistivtty after heat treatment)] of 10 4 . Namely, 
there is no difference in the saturated resistivity value 
between the two kinds of heat treatments. 2) The satu- 
rated low resistivity value is obtained by a treatment at 
lower temperatures in the oxygen atmosphere than in 
the nitrogen atmosphere. 3) The heat treatment in oxy- 
gen atmosphere results in a more abrupt change in 
resistivity with changing heat treatment temperature 
than the heat treatment in nitrogen atmosphere. 4) The 
heat treatment in oxygen atmosphere at 500°C results 
in a saturated low resistivity value, whereas the heat 
treatment in nitrogen atmosphere at 500°C results in a 
resistivity change as small as about 10. Namely, the 
resistivity resulting from the heat treatment in oxygen 
atmosphere at 500°C is lower by 10 3 than that resulting 
from the heat treatment in nitrogen atmosphere at 
500°C. 5) At 400°C, both the heat treatment in an oxy- 



gen atmosphere and that in a nitrogen atmosphere 
result in almost no decrease in resistivity. At tempera- 
tures higher than 400°C, the heat treatments are effec- 
tive in reducing resistivity. 

5 In summary, in the oxygen atmosphere, heating at 
temperatures not lower than 400°C is effective in lower- 
ing resistivity. The heat treatment is desirably conducted 
at a temperature not lower than 500°C, because this 
treatment provides the completely saturated low resis- 

10 tivtty value. 

The relationship between the pressure of oxygen 
gas and resistivity was then determined. At a tempera- 
ture of 800°C, semiconductor samples were heat- 
treated at various pressures of oxygen gas. Needle 

15 electrodes were set up on each of the thus-treated p- 
GaN layers 104 to measure the current which flowed 
upon application of a voltage of 8 V, and the relationship 
between this current value and oxygen gas pressure 
was determined. The results obtained are shown in Fig. 

20 7. 

The following characteristics are understood by 
from these results. 1) Resistivity drops abruptly in the 
oxygen gas pressure range of about from 3 to 30 Pa. 2) 
The heat treatment at oxygen gas pressures not lower 
25 than about 100 Pa results in a saturated low resistivity 
value. 

It is understood from the above that oxygen contrib- 
utes to the effective reduction of resistivity. Oxygen gas 
pressures of at least 3 Pa are effective in reducing resis- 
30 tivity. The oxygen gas atmosphere preferably has an 
oxygen pressure of 30 Pa or higher, more preferably 
100 Pa. 

Sitosequently, semiconductor samples were heat- 
treated at a temperature of 500°C in mixed gas atmos- 

35 pheres (1 atm) containing oxygen gas and nitrogen gas 
to determine the change of resistivity with changing par- 
tial oxygen gas pressure in the same manner as the 
above. For the purpose of comparison, the change of 
resistivity with changing pressure in heat treatment in 

40 oxygen gas alone was determined. The results obtained 
are shown in Fig. 8. The results show that at partial oxy- 
gen gas pressures not lower than about 10 Pa, low 
resistivities are obtained. The results further show that 
the resistivity is saturated at pressures not lower than 

45 30 Pa, ideally not lower than 100 Pa. To sum up, in the 
case of using a mixed gas containing oxygen gas and 
one or more other gases, the partial pressure of oxygen 
gas effective in reducing resistivity is 10 Pa or higher, 
preferably 30 Pa or higher, more preferably 100 Pa or 

so higher. 

A layer of a magnesium-doped GaN related com- 
pound semiconductor represented by (AlxGa^jJyln^yN 
(0£x,y£l) gave the same results with respect to all the 
properties described above. It is thought that oxygen 
55 serves to remove the hydrogen atoms bonded to mag- 
nesium and to thereby activate the magnesium atoms. 
Consequently, besides pure oxygen gas, any gas con- 
taining oxygen (O) atoms capable of bonding to hydro- 



10 



19 



EP0845 818A2 



20 



gen atoms bonded to magnesium, e.g., a mixed gas 
containing oxygen and an inert gas. may be used to pro- 
duce the same effect 

An explanation is given below on a process for pro- 
ducing a light-emitting device 100 using the above- 
described method for imparting p-type low resistance by 
reference to Fig. 9. Fig. 9 is a sectional view diagram- 
matically illustrating the structure of a light-emitting 
device 100 having a QaN related compound semicon- 
ductor formed over a sapphire substrate 1. This light- 
emitting device 100 has the substantially same struc- 
ture as the aforementioned embodiments. However, in 
this embodiment, a clad layer 114 made of silicon (Si)- 
doped n-type GaN is formed on the high-carrier-con- 
centration n + layer 3. 

Further, on the clad layer 114 has been formed a 
light emitting layer 115 having a the multi-quantum well 
structure (MQW) comprising barrier layers 151 made of 
GaN each having a thickness of 35 A and well layers 
152 made of ln 0 .2o Qa o.80 N each having a thickness of 
35 A. The number of the barrier layers 151 is six, while 
the number of the well layers 152 is five. On the light- 
emitting layer 115 has been formed a clad layer 116 
made of p-type Al 0 15 Gaa85 N * A contact layer 1 1 7 made 
of p-type GaN is formed on the clad layer 116. 

A process for producing this light-emitting device 
100 is explained next together with the steps which are 
not explained in the first embodiment. 

The light-emitting device 100 was produced by 
MOVPE. The gases used were ammonia (NH 3 ), carrier 
gases (H 2 , N 2 ), TMG, TMA, TMI, silane, and CP 2 Mg. 

First, a single-crystal sapphire substrate 1 having, 
as the main surface, a surface which had been cleaned 
by organic washing and heat treatment was mounted on 
a susceptor placed in the reaction chamber of an 
MOVPE apparatus. The sapphire substrate 1 was 
baked at 1 ,100°C while passing H 2 through the reaction 
chamber at a rate of 2 liter/min for about 30 minutes at 
ordinary pressure. 

After the temperature of the substrate 1 was low- 
ered to 400°C, H 2> NH 3 , and TMA were fed for about 1 
minute at rates of 20 liter/min, 10 liter/min, and 1 .8x1 0' 5 
mol/min, respectively, to form an AIN buffer layer 2 in a 
thickness of about 25 nm. 

Subsequently, while keeping the temperature of the 
sapphire substrate 1 at 1,150°C, H 2l NH 3 , TMG, and 
silane diluted with H 2 gas to 0.86 ppm were fed for 40 
minutes at rates of 20 liter/min, 10 liter/min, 1.7x10" 4 
mol/min, and 20x1 0' 8 mol/min, respectively, to form a 
high-carrier-concentration n + layer 3 made of GaN and 
having a thickness of about 4.0 \im, an electron concen- 
tration of 2x10 18 /cm 3 , and a silicon concentration of 
4x10 18 /cm 3 . 

Thereafter, while keeping the temperature of the 
sapphire substrate 1 at 1.150°C, either N 2 or H 2 , NH 3 , 
TMG, TMA, and silane diluted with H 2 gas to 0.86 ppm 
were fed for 60 minutes at rates of 10 liter/min, 10 
liter/min, 1.12x10" 4 mol/min, 0.47x1 0" 4 mol/min, and 



5x1 0' 9 mol/min, respectively, to form a clad layer 114 
made of GaN and having a thickness of about 0.5 \im, 
an electron concentration of 1x10 18 /cm 3 , and a silicon 
concentration of 2x10 18 /cm 3 

s Subsequent to the formation of the clad layer 114, 
either N 2 or H 2 , NH 3 , and TMG were fed for 1 minute at 
rates of 20 liter/min, 10 liter/min, and 2.0x10" 4 mol/min, 
respectively, to form a barrier layer 151 made of GaN 
and having a thickness of about 35 A. Subsequently, 

w TMG and TMI were fed for 1 minute at rates of 7.2x10' 5 
mol/min and 0.19X10* 4 mol/min, respectively, while 
feeding either N 2 or H 2 and NH 3 at constant rates to 
thereby form a well layer 1 52 made of ln 0 20 Gao soN and 
having a thickness of about 35 A. Under the same con- 

15 ditions as the above, five barrier layers 1 51 in total were 
formed alternately with five well layers 152 in total. Fur- 
thermore, a barrier layer 151 made of GaN was formed 
thereon. Thus, a light-emitting layer 1 15 of the 5-cycle 
MQW structure was formed. 

20 Thereafter, while keeping the temperature of the 
sapphire substrate 1 at 1,100°C, either N 2 or H 2 , NH 3 , 
TMG, TMA, and CP 2 Mg were fed for 3 minutes at rates 
of 10 liter/min, 10 liter/min, 1.0x10* 4 mol/min, 1.0x10' 4 
mol/min, and 2x1 0" 5 mol/min, respectively, to form a 

25 clad layer 116 made of magnesium (Mg)-doped p-type 
Alo.15Gao.85N and having a thickness of about 50 nm 
and a magnesium (Mg) concentration of 5x10 19 /cm 3 

Subsequently, while keeping the temperature of the 
sapphire substrate 1 at 1,100°C. either N 2 or H 2 , NH 3 . 

30 TMG, and CP 2 Mg were fed for 30 seconds at rates of 20 
liter/min, 10 liter/min, 1.12x10" 4 mol/min, and 2x10" 5 
mol/min, respectively, to form a contact layer 1 1 7 made 
of magnesium (Mg)-doped p-type GaN and having a 
thickness of about 100 nm and a magnesium (Mg) con- 

35 centration of 5x10 19 /cm 3 . 

In this embodiment, a window is formed in a prede- 
termined region of the photoresist by photolithography 
on the contact layer 117 through the aforementioned 
steps in the first embodiment Under a high vacuum on 

40 the order of 10* 6 Torr or below, vanadium (V) and alumi- 
num (Al) are vapor-deposited in thicknesses of 200 A 
and 1.8 jim, respectively. The photoresist and the Si0 2 
mask are then removed. 

Subsequently, a photoresist 9 is evenly applied to 

45 the surface. That part of the photoresist 9 which corre- 
sponds to the area where the electrode is to be formed 
on the contact layer 1 1 7 is removed by photolithography 
to form a window part 9A as shown in Fig. 2. 

Using a vapor deposition apparatus, a first metal 

so layer 81 made of cobalt (Co) is formed in a thickness of 
1 5 A on the exposed contact layer 1 1 7 under a high vac- 
uum on the order of 10" 6 Torr or below, and a second 
metal layer 82 made of gold (Au) is then formed in a 
thickness of 60A on the first metal layer 81 . 

55 Subsequently, the electrode 8A and electrode pad 
20 are formed by the same processes as in the first 
embodiment 

Thereafter, the atmosphere surrounding the sample 
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is evacuated with a vacuum pump, and 0 2 gas is intro- 
duced into the deposition apparatus to adjust the inter- 
nal pressure to 100 Pa. The temperature of this 
atmosphere surrounding the sample is elevated to 
about 550°C to heat the sample for about 3 minutes. 
Thus, p-type low resistance is imparted to the contact 
layer 1 1 7 and clad layer 1 16 and. at the same time, the 
alloying of the contact layer 1 1 7, first metal layer 81 , and 
second metal layer 82 and the alloying of the electrode 
8B and n + layer 3 are conducted. 

As a result of this heat treatment, the resistivity of 
the contact layer 117 and that of the clad layer 116 
became 1 Gem and 0.71 Ocm, respectively. The most 
preferred range of the temperature for this heat treat- 
ment is from 500 to 600°C. As long as the heat treat- 
ment is conducted at a temperature in this range, the p- 
type layer reaches a sufficiently low saturated resistivity 
value and the electrodes 8A and 8B are alloyed most 
satisfactorily. As a result, not only can the contact resist- 
ance of electrodes or the sheet resistivity of the current- 
diffusing electrode be reduced and ohmic properties 
improved, but also the light-transmitting electrode 8A is 
prevented from oxidizing, whereby the finally obtained 
light-emitting device can be free from an uneven light- 
emitting pattern and undergo no change in light-emitting 
pattern with the lapse of time. The heat treatment can 
be conducted at a temperature of from 450 to 650°C t 
and can be conducted even in the range of from 400 to 
700°C in some cases. Heat treatment was further con- 
ducted in an atmosphere containing a mixture of N 2 gas 
and 1% 0 2 gas and having a partial 0 2 gas pressure of 
100 Pa. As a result, the same effects as the above were 
obtained. All of the gases enumerated above which are 
used as the surrounding gas for heat treatment with 
regard to the impartation of p-type low resistance are 
also effective in the alloying of the electrodes 8A and 8B 
described in the first embodiment. Consequently, 
besides pure oxygen gas, a mixed gas can be utilized 
which contains 0 2 and at least one of N 2 , He, Ne, Ar, 
and Kr. Any pressure and any partial 0 2 pressure within 
the aforementioned optimal ranges for the impartation 
of p-type low resistance are utilizable. 

As a result of the heat treatment after the deposition 
of cobalt (Co) and gold (Au), part of the gold (Au) consti- 
tuting the second metal layer 82 formed on the first 
metal layer 81 made of cobalt (Co) is diffused through 
the first metal layer 81 into the contact layer 117 to 
thereby form a goof contact with GaN contained in the 
contact layer 117. 

It was ascertained that the light-emitting device 100 
in this embodiment designates sufficiently low contact 
resistance and the stability with respect to the 1,000 
hour continuous driving test just like the aforementioned 
embodiments. 

Although magnesium (Mg) was used in a metal 
layer described above, it may be replaced by another 
group II element such as, e.g., beryllium (Be), calcium 
(Ca), strontium (Sr), barium (Ba), zinc (Zn), or cadmium 



(Cd). 

Further, it is possible to apply other structures or 
other elements for the light-transmitting electrode 8A, 
the first metal layer 81, the second metal layer 82, the 
5 light-emitting layer 115 as described in the aforemen- 
tioned embodiments. 

4th Embodiment 

jo The fourth embodiment of the present invention will 
be explained below by reference to Figs. 10 and 1 1 . 

Fig. 1 0 is a sectional view diagrammatically illustrat- 
ing the constitution of a light-emitting device 100 having 
a GaN related compound semiconductor formed over a 

is sapphire substrate 1 . The light-emitting device 1 00 was 
produced by MOVPE as in the aforementioned embodi- 
ments. 

This light-emitting device 100 has the substantially 
same structure as the third embodiment. However, on a 

20 part of the electrode 8A, a pad electrode 20 has been 
formed comprising a first metal layer 201 about 300 A 
thick made of vanadium (V) and a second metal layer 
202 having a two-layer structure comprising a cobalt 
layer about 1 ,000 A thick and a gold layer about 1 .5 jim 

25 thick. The process for forming this electrode pad 20 is 
as follows. 

A vanadium film about 300 A thick is deposited on a 
part of this electrode 8A to form a first metal layer 201 . 
On the first metal layer 201 are successively deposited 

30 a cobalt film about 1 ,000 A thick and a gold film about 
1 .5 jim thick to form a second metal layer 202. Thus, the 
electrode pad 20 is formed. 

After the formation of the electrodes 8A, 8B, and 
pad 20, p-type low resistance is imparted to the contact 

35 layer 1 1 7 and dad layer 1 1 6 and, at the same time, the 
alloying of the contact layer 1 1 7, metal layers 81 and 82, 
first metal layer 201, and second metal layer 202 was 
conducted simultaneously with the alloying of the elec- 
trode 8B and n + layer 3 by the same process as 

40 described in the previous embodiments. 

As shown in the embodiment described above, the 
first metal layer 201 of the electrode pad 20, which layer 
is bonded to the electrode 8A, is constituted of vana- 
dium, which is reactive with nitrogen. Consequently, in 

45 an alloying treatment, the vanadium reacts with GaN of 
the contact layer 1 17 to improve the adhesion between 
the electrode pad 20 and the electrode 8A, whereby the 
electrode pad 20 can be prevented from peeling off. 
Furthermore, as a result of the reaction of vana- 

50 dium with GaN of the contact layer 1 1 7, nitrogen holes 
generate within the contact layer 117. Since the donor 
attributable to these holes compensates for an acceptor 
to result in a reduced hole concentration, a high-resistiv- 
ity region 171 is formed under the electrode pad 20 

55 around the junction of the contact layer 117 with the 
electrode 8A, as shown in Fig. 1 1. Due to the formation 
of this high-resistivity region 1 71 , current flows from the 
electrode pad 20 not downward but in lateral directions 
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along the electrode 8A. The electrode pad 20 is a thick 
part which has no light transmission properties and 
through which light cannot generally pass. By thus 
causing the current which has passed through the elec- 
trode pad 20 to flow along the electrode 8A, through s 
which light can pass, the electrode 8A has an increased 
current density and an improved luminance can be 
obtained. 

In the embodiment described above, vanadium was 
used as the material of the first metal layer 201 . How- to 
ever, use of a chromium (Cr) film about 300 A thick as 
the first metal layer 201 was also found to be effective, 
like the vanadium film, in obtaining tenacious adhesion 
and in causing current to flow from the electrode pad 20 
not downward but selectively along the electrode 8A. 75 

Although chromium or vanadium was used for the 
first metal layer 201 in the above embodiment, the layer 
201 may be constituted of at least one of chromium, 
vanadium, titanium (Ti), niobium (Nb), tantalum (Ta), 
and zirconium (Zr). Although cobalt and gold were used 20 
for the second metal layer 202, this layer may be consti- 
tuted of at least one of cobalt, nickel, aluminum, and 
gold. It is also possible to use two or more of these 
materials to form a electrode pad 20 of a single-layer 
structure by simultaneous vapor deposition. 2s 

The electrode 8A may further contain palladium or 
a palladium alloy. As long as these materials are used, 
the electrode 8A may have a single-layer structure or a 
multilayer structure comprising three or more layers as 
the aforementioned embodiments. 30 

In the embodiment described above, the heating for 
alloying was conducted at a temperature of 550°C. 
However, temperatures in the range of from 400 to 
700°C are usable. 

In the embodiment described above, the heat treat- 35 
ment was conducted in an 0 2 gas atmosphere (as 
described in the first and third embodiments). However, 
the atmosphere for heat treatment may consist of at 
least one member selected from 0 2 , 0 3 , CO, C0 2 , NO, 
N 2 0, N0 2 , and H 2 0 or a mixed gas containing two or 40 
more of these. The atmosphere for heat treatment may 
also be a mixed gas containing at least one of 0 2 , 0 3 . 
CO, C0 2 , NO, N 2 0, N0 2 , and H 2 0 and one or more 
inert gases, or be a mixed gas containing a mixture of 
two or more of 0 2 , 0 3 . CO, C0 2 , NO, N 2 0, N0 2 , and 45 
H 2 0 and one or more inert gases. In short, the atmos- 
phere for heat treatment may be any gas containing 
either oxygen atoms or molecules having oxygen 
atoms. In the heat treatment, the hydrogen atoms 
bonded to atoms of a p-type impurity in the contact layer sc 
117 are heated in a gas comprising oxygen and are 
thereby separated from the p-type impurity atoms. As a 
result, the contact layer 1 1 7 can have lower resistance. 

In the embodiment described above, alloying was 
conducted in an 0 2 gas atmosphere having a pressure 5i 
of 3 Pa. However, the pressure of the atmosphere for 
heat treatment is not particularly limited as long as the 
GaN related compound semiconductor is not pyrolyzed 



at the tenperature used for the heat treatment. In the 
case where 0 2 gas alone is used as a gas comprising 
oxygen, the gas may be introduced at a pressure higher 
than the decomposition pressure for the GaN related 
compound semiconductor. In the case where a mixture 
of 0 2 with an inert gas is used, the pressure of the 
whole mixed gas is regulated to a value higher than the 
decomposition pressure for the GaN related compound 
semiconductor. In this case, an 0 2 gas proportion not 
smaller than about 10' 6 based on the whole mixed gas 
is sufficient. For example, when heat treatment was 
conducted in an atmosphere consisting of N 2 gas con- 
taining 1% 0 2 gas and having a partial 0 2 gas pressure 
of 100 Pa, the same effects as the above were obtained. 
There is no particular upper limit on the introduction 
amount of the gas comprising oxygen from the stand- 
points of the impartation of p-type low resistance and 
electrode alloying. Any high pressure is usable as long 
as production is possible. 

As shown above, this embodiment provides the fol- 
lowing effects. By forming a current-diffusing electrode 
combining light transmission properties and ohmic 
properties on a p-type GaN related compound semicon- 
ductor and further forming thereon a electrode pad con- 
taining a metal reactive with nitrogen, not only can the 
electrode pad be prevented from peeling off. but also 
the currentKliffusing electrode can have an increased 
current density and an improved luminance. 

The present invention described above relates to 
light-emitting diodes having a light-transmitting elec- 
trode and an electrode pad. However, the present inven- 
tion is applicable also to the production of laser diodes 
(LD), light-receiving devices, and other electronic 
devices expected to employ GaN related compound 
semiconductor devices, such as, e.g., high-temperature 
devices and power devices. 

Claims 

1 . A GaN related compound semiconductor light-emit- 
ting device comprising: 

a p-type GaN related compound semiconduc- 
tor layer; and 

an electrode fixed on said p-type GaN related 
compound semiconductor layer and having a 
light transmission property and an ohmic prop- 
erty, said electrode comprising a metal layer 
formed by at least one member selected from 
the group consisting of cobalt alloy, palladium, 
and palladium alloy. 

2. The GaN related compound semiconductor light- 
emitting device according to claim 1, wherein said 
metal layer is formed by a cobalt alloy which is 
formed by alloying 

(a) a layer including a first metal layer made of 
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cobalt being fixed on said p-type GaN related 
compound semiconductor layer and a second 
metal layer made of gold formed on the first 
metal layer through a heat treatment; or 

(b) a layer including a first metal layer made of $ 
gold being fixed on said p-type GaN related 
compound semiconductor layer and a second 
metal layer made of cobalt formed on said first 
metal layer through a heat treatment; or 

(c) a single layer made of cobalt and gold 10 
through a heat treatment; or 

(d) a layer including a first metal layer made of 
cobalt being fixed on said p-type GaN related 
compound semiconductor layer, a second 
metal layer made of a group II element formed 15 
on said first metal layer, and a third metal layer 
made of gold formed on said second metal 
layer, through a heat treatment; or 

(e) a layer including a first metal layer made of 
cobalt being fixed on said p-type GaN related 20 
compound semiconductor layer and a second 
metal layer made of an alloy of palladium with 
platinum formed on the first metal layer through 

a heat treatment. 

25 

The GaN related compound semiconductor light- 
emitting device according to claim 1, wherein said 
metal layer is formed by a palladium alloy which is 
formed by alloying 

30 

(a) a layer including a first metal layer made of 
palladium being fixed on said p-type GaN 
related compound semiconductor layer and a 
second metal layer made of gold formed on 
said first metal layer through a heat treatment; 35 
or 

(b) a layer including a first metal layer made of 
gold being fixed on said p-type GaN related 
compound semiconductor layer and a second 
metal layer made of palladium formed on said 40 
first metal layer through a heat treatment; or 

(c) a single layer made of palladium and plati- 
num through a heat treatment. 

A process for producing a GaN related compound 45 
semiconductor light-emitting device, comprising the 
steps of : 

preparing a p-type GaN related compound 
semiconductor layer; so 
forming a metal layer using one member 
selected from the group consisting of cobalt 
alloy, palladium, and palladium alloy on the re- 
type GaN related compound semiconductor 
layer; and 55 
conducting a heat treatment for the metal layer 
at a temperature of from 400 to 700°C and/or 
under low vacuum condition so as to form an 



electrode. 

5. The process for producing a GaN related com- 
pound semiconductor light-emitting device accord- 
ing to claim 4, wherein the heat treatment for 
alloying is conducted in an atmosphere containing 
at least oxygen. 

6. TTie process for producing a GaN related com- 
pound semiconductor light-emitting device accord- 
ing to claim 4 or claim 5, wherein the heat treatment 
is conducted in an atmosphere containing inert gas. 

7. A process for producing a p-type GaN related com- 
pound semiconductor, comprising the steps of: 

doping a GaN related compound semiconduc- 
tor with p-type impurity; and 
subjecting the GaN related compound semi- 
conductor to a heat treatment in a gas compris- 
ing at least oxygen. 

8. A process for producing a GaN related compound 
semiconductor device comprising the steps of: 

doping a GaN related compound semiconduc- 
tor layer with a p-type impurity; 
forming an electrode on the GaN related com- 
pound semiconductor layer; and 
subjecting the GaN related compound semi- 
conductor layer having the electrode formed 
thereon to a heat treatment in a gas comprising 
at least oxygen. 

9. A process for producing a GaN related compound 
semiconductor device according to claim 8, com- 
prising the steps of : 

doping a first GaN related compound semicon- 
ductor layer with a p-type impurity; 
doping a second GaN related compound semi- 
conductor layer with an n-type impurity; 
forming a first electrode in the first GaN related 
compound semiconductor layer; 
forming a second electrode on the second GaN 
related compound semiconductor layer ; and 
subjecting a resultant structure including the 
first and second GaN related compound semi- 
conductor layers and the first and second elec- 
trodes to a heat treatment in a gas comprising 
at least oxygen. 

10. The process for producing a p-type GaN related 
compound semiconductor or semiconductor device 
according to any of the claims 7 to 9, wherein the 
gas comprising oxygen comprises at least one 
member selected from the group consisting of 0 2 , 
0 3 , CO, C0 2 , NO, N2O, N0 2 and H 2 0. 
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11. The process for producing a p-type GaN related 
conpound semiconductor or semiconductor device 
according to claim 10, wherein the gas comprising 
oxygen further comprises inert gas. 

5 

12. The process for producing a p-type GaN related 
compound semiconductor or semiconductor device 
according to any of claims 7 to 1 1 , wherein the heat 
treatment is conducted at a temperature not lower 
than 400°C. ™ 

13. A GaN related compound semiconductor device 
comprising: 

a p-type GaN related compound semiconduc- 15 
tor; 

a current-diffusing electrode having a light 
transmission property, said current-diffusing 
electrode being formed on said p-type GaN 
related compound semiconductor ; and an elec- 20 
trode pad which contains at least one metal 
reactive with nitrogen, said electrode pad being 
formed on said current-diffusing electrode; 

wherein a high-resistivity region is 
formed on a part of the p-type GaN related 25 
compound semiconductor which is located 
under the electrode pad by an alloying treat- 
ment according to a reaction of the metal with 
the p-type GaN related compound semicon- 
ductor. 30 

14. The GaN related compound semiconductor device 
according to claim 13, wherein said electrode pad 
comprises a first metal layer comprising the metal 
reactive with nitrogen and a second metal layer 35 
formed thereon having a composition different from 
the metal. 

15. The GaN related compound semiconductor device 
according to claim 13 or claim 14, wherein the 40 
metal reactive with nitrogen is at least one member 
selected from the group consisting of chromium, 
vanadium, titanium, niobium, tantalum and zirco- 
nium. 
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been paid, namely claim(s): 



□ No claims fees have been paid within the prescribed time limit. The present European search report has 
been drawn up for the first ten claims. 



LACK OF UNITY OF INVENTION 



The Search Division considers that the present European patent application does not comply with the 
requirements of unity of invention and relates to several inventions or groups of inventions, namely: 



see sheet B 



□ 



□ 



All further search fees have been paid within the fixed time limit The present European search report has 
been drawn up for all claims. 



Only part of the further search fees have been paid within the fixed time limit. The present European 
search report has been drawn up for those parts of the European patent application which relate to the 
inventions in respect of which search fees have been paid, namely claims: 



□ None of the further search fees have been paid within the fixed time limit The present European search 
report has been drawn up for those parts of the European patent application which relate to the invention 
first mentioned in the claims, namely claims: 
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The Search Division considers that the present European patent application does not comply with the 
requirements of unity of invention and relates to several inventions or groups of inventions, namely: 

1, Claims: 1-6 

GaN related compound LED with a p-electrode conprising 
Co-alloy, Pd, or Pd-alloy and process for producing such a 
LED 



2. Claims: 7-12 

Subjecting p-GaN related compound semiconductor to heat 
treatment in a gas comprising at least oxygen (to reduce the 
resistance) and semiconductor device comprising this 
processing step. 



3. Claims: 13-15 

A GaN related compound semiconductor device comprising an 
electrode pad which is formed on a current diffusing 
electrode and which contains at least one metal reactive 
with nitrogen, so that a high-resistivity region is formed 
under the electrode pad after an alloying treatment. 
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